help achieve this while reducing the technical difficulty of these cases. 1, 8, 16, 19 We report a series of 8 patients who underwent OA-PICA bypass and describe the clinical significance of the caudal loop of the PICA in these cases. Using both clinical and cadaveric data, we assess the difficulty of performing OA-PICA bypass at alternative anastomosis sites and compare the access provided to these alternative sites by both the far-lateral and midline foramen magnum approaches.
methods anatomical segmentation
The PICA was divided into 5 anatomical segments based on its relationship with the medulla and cerebellum, including the anterior medullary, lateral medullary, tonsillomedullary, telovelotonsillar, and cortical segments (Fig. 1) . 12 The anterior medullary segment begins at the origin of PICA where it branches off from the vertebral artery (VA) and continues posteriorly past the hypoglossal rootlets to the boundary between the anterior and lateral surfaces of the medulla-i.e., the inferior olive. The lateral medullary segment continues until the level of the origin of the glossopharyngeal, vagus, and accessory rootlets. The tonsillomedullary segment then courses medially across the posterior aspect of the medulla (near the caudal half of the cerebellar tonsil) before turning cranially along the medial surface of the tonsil, thereby forming the caudal loop. The telovelotonsillar segment begins at the midpoint of the PICA's ascent along the medial surface of the tonsil toward the roof of the fourth ventricle and continues until the cortical surface where it becomes the cortical segment and bifurcates into 2 terminal branches: medial and lateral.
cadaveric dissection
An OA-PICA bypass was performed on 5 preserved adult cadaveric heads (10 sides) that were previously injected with colored latex (red for arteries, blue for veins) using both standard midline foramen magnum and far-lateral approaches. The OA was harvested from each specimen as previously described by Fukuda et al. 7 The suboccipital muscles were detached from the occipital bone to expose the suboccipital triangle: the obliquus capitis superior, rectus capitis posterior major, and obliquus capitis inferior muscles (Fig. 2) . 1 The posterior condylar emissary vein, which connects the vertebral venous plexus to the sigmoid sinus through the posterior condylar canal in the posterior condylar fossa, was observed (Fig. 2D ).
14 A standard lateral suboccipital craniotomy was fashioned and the foramen magnum was opened (Fig. 3) . Using the midline foramen magnum approach, the dura was exposed 15 mm lateral to the midline where the posterior aspect of the spinal cord dura was fully exposed. In cases that required the far-lateral approach, resection of the foramen magnum was extended to the medial border of the posterior condylar canal. The distance between the lateral border of the opening of the foramen magnum and the medial border of the posterior condylar canal was measured on each side to evaluate the extent of additional bone removal.
After dural opening and retraction of the cerebellum, the course of the PICA was identified and exposed from its origin (Fig. 4 upper) . Feasible anastomosis sites on the different segments of PICA were identified and selected for evaluation. Surgical access to each of the feasible segments of the PICA was assessed by 5 neurosurgeons independently. The distance between the dural incision at the foramen magnum-the point of entry for the surgical instruments-and each segment of the PICA was measured to determine the anastomosis depth (Fig. 4 lower) .
The difficulty associated with the anastomoses at each segment was qualitatively assessed for each approach in terms of exposure and maneuverability (Table 1) . 4 patient selection and preoperative workup Between August 2005 and July 2014, 8 cases requiring OA-PICA bypass were treated at our institution, including 2 cases of posterior fossa ischemia and 6 ruptured dissecting aneurysms. Although bypass for posterior circulation ischemia is still controversial, we elected to perform OA-PICA bypass in 2 patients with repeat or progressive cerebellar or brainstem symptoms due to multiple stenoocclusive lesions (e.g., bilateral VA occlusion) that were refractory to dual antiplatelet therapy and percutaneous transluminal angioplasty. In cases that involved ruptured dissecting aneurysms, an OA-PICA bypass was performed when the PICA was compromised by the obliteration of the VA or PICA aneurysms.
All patients underwent preoperative 3D CT angiography and catheter angiography to evaluate the pathological angioarchitecture and determine the courses of the OA and PICA. Magnetic resonance imaging was used to detect cerebellar or brainstem infarctions in patients with posterior fossa ischemia.
surgical procedure and postoperative workup
The OA was harvested as the donor vessel using the technique previously described by Fukuda et al. 7 A midline foramen magnum or a far-lateral approach was performed. For cases in which the far-lateral approach was used, resection of the lateral foramen magnum was extended to the medial border of the ipsilateral posterior condylar fossa. In all cases of ruptured dissecting aneurysms, a C-1 laminectomy was also performed to allow further decompression and facilitate an upward surgical trajectory to the lesion. The cerebellar tonsil was retracted, and the harvested OA was anastomosed to a predetermined segment of PICA using interrupted 9-0 or 10-0 nylon sutures. Intraoperative Doppler ultrasonography and/or indocyanine green videoangiography was used to assess the patency of the OA-PICA bypass and obliteration of the aneurysm. Postoperatively, either CT or catheter angiography was performed to confirm bypass flow and elimination of the aneurysm from normal circulation.
imaging analysis
The anastomosis site in each case was plotted using both CT angiography and 3D CT reconstructions. The depth of the bypass procedure in each case was determined by analysis of preoperative 3D CT angiography. The depth of each anastomosis site was detained by mea-suring (Ziostation version 2.1, Ziosoft, Inc.) their distances from the posterior center of the foramen magnum using both pre-and postoperative imaging data (Fig. 5 ).
statistical analysis
Continuous variables are displayed as the mean ± standard error of the mean. For continuous variables with repeated measurements-namely the depth of each anastomosis site-the differences were assessed using the paired t-test. For the clinical cases, the Mann-Whitney U-test was used to compare the depths of the different anastomosis sites. All analyses were performed using statistical software (SPSS version 20.0.0, IBM Corp.).
results cadaveric Findings
In both surgical corridors, the caudal loop of the PICA was visualized early at the inferior tonsil using mild tonsillar retraction. The medulla and the anterior tonsil were easily separated and, as the tonsil was retracted superiorly, the cerebellomedullary fissure was widened to expose the proximal tonsillomedullary segment. The tonsillomedullary segment, including the caudal loop, did not require traversing any nerve and was the most accessible after opening the cerebellomedullary fissure. The remaining segments were exposed and assessed for anastomosis. The PICA-VA convergence was obstructed by the lower cranial nerves (CNs) and was difficult to access. The anterior medullary segment was difficult to reach, and surgical control of the bypass site was extremely technically challenging as it required working through CNs X, XI, and XII to reach the PICA-VA convergence. The lateral medullary segment was more accessible, but still required working between CNs X and XII. Further retraction of the cerebellar tonsil revealed the telovelotonsillar segment, which, though deeper in the field, was surgically accessible without the need to traverse neurovascular structures. Due to its more favorable surgical access and ability for maneuverability, the most inferior point of the caudal loop of the tonsillomedullary segment was selected as the optimal anastomosis site, and the lateral medullary segment, at the level where the PICA crosses the lower CNs, and the telovelotonsillar segment, at the point where the PICA crosses the obex of the medulla, were selected as potential alternative bypass sites ( Table 2) .
The far-lateral approach required 13.5 ± 2.2 mm of additional bone resection compared with the midline foramen magnum approach. Two of the 10 cadaveric specimens had absent caudal loops of the PICA and were excluded in order to maintain a consistent sample size. The anastomosis depth for the caudal loop was significantly less than that of the alternative anastomosis sites (p < 0.001, paired t-test) and the mean anastomosis depths were 7.6 ± 2.4 mm for the caudal loop, 16.5 ± 3.0 mm for the lateral medullary segment, and 17.1 ± 2.9 mm for the telovelotonsillar segment (Fig. 6) .
The OA-PICA bypass was most easily performed on the caudal loop of the tonsillomedullary segment of the PICA due to its inferomedial location, which required minimal retraction of the cerebellar tonsil. The midline approach provided sufficient working space for anastomosis on the caudal loop. The technical difficulty of the OA-PICA bypass procedure increased significantly as the location of the anastomosis site became more lateral and anterior at the lateral medullary segment or more superior and posterior at the telovelotonsillar segment. The far-lateral approach provided a more direct and unobstructed trajectory to the alternative anastomosis sites, and partial resection of the condyle with extension of the craniotomy to the sigmoid sinus anteriorly allowed for a more anterior and lateral surgical trajectory, inferior to superior anatomical surgical orientation, and minimal cerebellar retraction.
clinical Findings
Eight patients-6 female and 2 male patients with a mean age of 61 years (range 43-74 years)-successfully underwent OA-PICA bypass (Table 3) . Of the 8 patients who underwent OA-PICA bypass, 3 required alternative anastomosis sites-1 on the lateral medullary segment, 1 on the telovelotonsillar segment, and 1 on an anterior cortical segment associated with the common trunk of the PICA and the anterior inferior cerebellar artery-due to the absence of the caudal loop or its unavailability due to atherosclerosis or dissection (Fig. 7) . Each anastomosis site was selected based on the pathology of the lesion and the anatomical variation of the PICA. Based on the cadav- The suboccipital muscles were detached from the occipital bone to expose the suboccipital triangle. c: The suboccipital triangle, which involves the dorsal ramus of the C-1 nerve root and the V 3 (horizontal segment) of the VA, can be opened by detaching the insertions of the superior and inferior oblique muscles from the transverse process of C-1 and reflecting them posteriorly. d: The posterior condylar emissary vein is exposed from the vertebral venous plexus until its entry into the posterior condylar canal. v. = vein.
eric findings, the midline approach was used for anastomosis on the caudal loop and the far-lateral approach for the alternative anastomosis sites.
Retrospective analysis of pre-and postoperative 3D CT angiography demonstrated a significant difference (p = 0.036, Mann-Whitney U-test) in anastomosis depth between the caudal loop (range 5-16 mm) and the alternative anastomosis sites (range 21-31 mm). The increased depth from the dural incision to anastomosis site, along with a narrow surgical corridor and inclination of the surgical trajectory from inferior to superior, makes OA-PICA bypass technically challenging in the absence of the caudal loop.
illustrative cases case 1
A 58-year-old male patient was referred to our depart- The distance between the dural incision at the foramen magnum and each segment of PICA was measured to determine the anastomosis depth.
ment after experiencing recurrent episodes of syncope and diplopia. Catheter angiography revealed occlusion of the dominant right VA, as well as stenosis at the origin of the nondominant left VA and the absence of the caudal loop (Fig. 8A) . Poor collateral flow from anterior circulation and reduced basilar artery flow along with reflux of the anterior spinal artery was consistent with severe vertebrobasilar insufficiency. Dual antiplatelet therapy and percutaneous transluminal angioplasty of the nondominant VA failed to resolve the patient's symptoms. The patient elected to undergo cerebral revascularization via a right OA-PICA bypass to prevent ischemic infarction of the posterior fossa. Extensive retraction of the cerebellar tonsil would have been required, exposing the tonsillomedullary segment and, coupled with the presence of atherosclerotic changes, excluding it as a possible anastomosis site. Thus, the lateral medullary segment was selected as the bypass site and a far-lateral approach with partial resection of the condyle was performed due to the more lateral and anterior surgical trajectory (Fig. 8B-D) . OA-PICA bypass was completed, and surgical maneuverability was facilitated by the relatively wider corridor provided by the far-lateral approach. The patency of the bypass was confirmed intraoperatively using indocyanine green videoangiography and postoperative catheter angiography ( Fig. 8E and F) .
case 5
A 68-year-old male patient presented to our emergency department with sudden-onset headache and diminished responsiveness. An emergency head CT revealed a subarachnoid hemorrhage with a massive intraventricular component (Fig. 9A) . Catheter angiography showed the presence of the string sign with segmental dilation of the left PICA that was consistent with a ruptured dissecting aneurysm and the absence of the caudal loop. An external ventricular drain was placed, and the decision was made to exclude the dissecting aneurysm via an OA-PICA bypass. Due to the peculiar and complex anatomy and absence of the caudal loop, a far-lateral approach with opening of the foramen magnum, C-1 laminectomy, and partial removal of the occipital condyle was performed. Although the dissecting aneurysm was located on the tonsillomedullary segment of the PICA, the absence of the caudal loop required the exposure of the entire length of the aneurysm ( Fig. 9B) . The origin of the telovelotonsillar segment, slightly distal to the dissecting aneurysm, was exposed with moderate retraction of the cerebellar tonsil and anastomosed to the harvested OA ( Fig. 9C and D) . Following anastomosis, the aneurysm was trapped with 2 aneurysm clips. Postoperative CT angiography showed no evidence of infarction in the cerebellar hemisphere and a patent OA-PICA bypass ( Fig. 9E and F) .
discussion
OA-PICA bypass has been indicated for the reconstruc- AICA = anterior inferior cerebellar artery; C1 = C-1 laminectomy; FM = foramen magnum; RDA = ruptured dissecting aneurysm. * All patients underwent a lateral suboccipital craniotomy in addition to the listed approach. tion of PICA when it is trapped or inhibited by aneurysms or a tumor. 2, 3, 20 The use of OA-PICA bypass for posterior fossa ischemia remains controversial and may be considered inferior to percutaneous transluminal angioplasty and/or stenting, which is less invasive and allows for the restoration of physiological blood flow and the direct resolution of atherosclerotic lesions-a source of thromboembolism. 18 In circumstances of vertebrobasilar insufficiency, bypass remains an option in rare cases wherein adequate endovascular access is inhibited due to tortuosity or occlusion. However, given the high stroke recurrence rate and associated morbidity/mortality of symptomatic stenoocclusive lesions of the vertebrobasilar system, 21, 23 OA-PICA bypass remains an option for refractory cases where the best pharmacological and endovascular interventions were contraindicated or failed to resolve patients' symptoms. Additionally, OA-PICA bypass is a valuable option for the management of fusiform aneurysms of the VA that encircle the origin of the PICA, as well as for giant and complex VA-PICA and PICA aneurysms that are not amenable to surgical clipping or endovascular coiling that require parent artery occlusion or trapping. Bypass may also be indicated when the pathological angioarchitecture suggests that bypass would revascularize the entire posterior fossa. 11, 22 The caudal loop of the PICA is widely considered to be the optimal recipient for OA-PICA bypass. 9, 11, 22 Its inferomedial location facilitates anastomosis with adequate intraoperative maneuverability and only minimal retraction of the cerebellar tonsil. The shape of the caudal loop provides a suitable location for elevating the recipient vessel for fine manipulation in a shallow operative field.
Lister et al. described 2 anatomical variants of PICA with absent caudal loops, both of which take on a straight course. 12 In our clinical cases with missing caudal loops, 1 PICA had a high origin from the VA and passed directly medial between the tonsil and medulla (Case 1), and the second had a low origin but ascended along the lateral surface of the cerebellar tonsil to reach the hemispheric surface (Case 5). A previous study by Macchi et al. further found that in a series of 80 cadaveric specimens, 28% had an absent caudal loop. In patients with significant anatomical variations of the PICA, the technical difficulty of OA-PICA bypass increases due to suboptimal access to the alternative anastomosis sites that are further complicated by the narrow and deep nature of the surgical corridor and a less favorable surgical orientation. The wider surgical corridor provided by the far-lateral approach offers enhanced exposure that facilitates the intricate surgical manipulation required for arterial anastomosis. In our series of 8 patients who underwent OA-PICA bypass, 3 had an absent or unavailable caudal loop.
Bypass at the lateral medullary and telovelotonsillar segments are more surgically challenging due to their increased distance from the dural surface, but present the best alternative anastomosis sites in the absence of the caudal loop. To properly expose the lateral medullary and telovelotonsillar segments, a more lateral and anterior surgical trajectory is needed to avoid additional cerebellar retraction. Extending bone removal to include partial resection of the occipital condyle provides a wider working space and results in a more anterior and inferior surgical trajectory, which is a more favorable surgical orientation. Previous studies have proposed a lateral suboccipital craniotomy along with opening of the foramen magnum for OA-PICA bypass, but the extent of the foramen magnum opening has not yet been fully investigated. Application of the far-lateral exposure specifically to an OA-PICA bypass has not yet been reported, except when concomitant pathologies, including VA or PICA aneurysms, were being treated. 6, 11, 22 Although controversies exist in terms of the necessary extent of bone resection of the lateral foramen magnum and the terminology used, 5, 8, 15, 16, 19 the "far-lateral approach" in our case series refers to bone resection that extended to the sigmoid sinus anteriorly, the foramen magnum inferiorly, and included the removal of the lamina of C-1 as well as most of the posterior aspect of the condyle. The far-lateral approach provided exposure of the entire length of the dissecting aneurysms of the VA and/or PICA, especially for aneurysms of the distal VA. Morphometric evaluation from our cadaveric dissections revealed that, in most cases, minimal removal of the condyle was practical and effective as it widened the surgical corridor, improved the working angle, avoided unnecessary destabilization of the atlantooccipital joint and the potential for craniocervical instability, and reduced the risk of injury to the posterior condylar emissary vein, which is the primary clinical obstacle of this approach. 5, 14, 15, 19 No additional surgical advantage was found by extending condylar resection beyond the entry point of the VA into the dura (Fig. 3 lower) . 8, 16 Partial condylectomy provided a 13.5-mm wider working space than the conventional midline foramen magnum approach, a more favorable surgical trajectory, and sufficient exposure of the alternative anastomosis sites. Despite the effectiveness of OA-PICA bypass, intracranial-intracranial PICA-PICA bypass has become increasingly used and seems to be gradually replacing conventional extracranial-intracranial bypass. However, PICA-PICA bypass is more technically difficult than end-to-side anastomosis and puts an otherwise normal cortical vessel, or even both PICAs, at risk should the bypass fail. Additionally, PICA-PICA bypass requires the presence of bilateral caudal loops that are sufficiently large and in close proximity to each other at the entrance of the fourth ventricle. If the PICAs are greater than 4 to 5 mm apart from each other, it can be significantly challenging to approximate the vessels due to the presence of critical perforating arteries near the caudal loop. In OA-PICA bypass, only 1 side of the cerebellum is at risk should the bypass fail.
A major limitation of this study is its retrospective nature and the limitations inherent to all retrospective investigations with a small number of patients. Despite these limitations, we report the first series of OA-PICA bypass cases that associate technical difficulty with anastomosis site while assessing the access provided by the far-lateral and midline foramen magnum approaches.
OA-PICA bypass is considered a difficult and technically challenging surgical procedure with a 60% to 80% success rate due to the risk of bypass occlusion and perioperative complications. 10, 11, 17 Harvesting the OA with its complicated course through multiple muscle layers, careful surgical planning, and adequate intraoperative maneuverability in the deep surgical fields are essential for successful bypass. Future studies with larger subject populations would help determine a more accurate success rate for OA-PICA bypasses at anastomosis sites other than the caudal loop of the PICA and also increase awareness of this variable, potentially improving the future success rates for this procedure.
conclusions
The absence of the caudal loop of the PICA is a major contributing factor to the technical difficulty of OA-PICA bypass. The far-lateral approach provides suitable access to alternative anastomosis sites for PICA bypass with the OA in cases where the caudal loop is absent or unavailable.
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